ABSTRACT: The dispersal of mangrove propagules in the Normanby River estuary is dominated by secondary estuarine circulation. On flood tides, an axial surface convergence forms midstream, generated by a density-driven circulation cell. Floating material including mangrove propagules is trapped in the convergence, and moves upstream. On ebb tides, the circulation cell reverses, and propagules move towards the banks, where water velocities are much smaller than midstream. Over a tidal cycle, a net upstream drift of propagules occurs. This displacement effect occurs throughout the tropical dry season. Buoyant propagules of Rhizophora stylosa, Bruguiera gymnorrhiza, Xylocarpus mekongensis and Heritiera littoralis have been found to be transported upstream at a speed comparable to a net average speed of 3.2 km d -1
INTRODUCTION
The spatial distribution of mangroves has received much attention since the early years of mangrove research. A number of different factors have been identified as influencing growth patterns on worldwide, regional and local scales. Globally, mangroves occur along tropical (and subtropical) coastlines in 2 hemispheres, the Atlantic East Pacific ('New World') and the Indo West Pacific ('Old World'), with almost no species overlap (e.g. Chapman 1976 , Duke 1992 ). On a regional or inter-estuary scale, distribution of mangroves, expressed as species richness or diversity, has been related to geomorphologic (e.g. Wells 1995) and climatic (e.g. Chapman 1976 , Lugo & Zucca 1977 , Tomlinson 1986 , Smith & Duke 1987 , Wells 1995 factors. A comprehensive analysis by Smith & Duke (1987) compared a suite of environmental parameters to species richness. For East Australian mangroves, a positive correlation of species richness was found to exist with maximum and minimum temperature, catchment area and estuary length, and negative correlation with tidal amplitude, rainfall variation and cyclone frequency (Smith & Duke 1987 ). On a local or intra-estuary scale, salinity and tidal inundation have been widely quoted as main factors influencing growth patterns of species ('zonation') (e.g. Watson 1928 , Macnae 1969 , Chapman 1976 , Bunt et al. 1982 , Ball 1998 . Distribution and growth of species have also been related to sedimentation, physico-chemical factors and ecophysiological adaptation mechanisms (e.g. , Ball 1998 .
Those determinants for the growth of an individual tree as well as the distribution of species generally refer to a mature tree or population, and 'assume' successful early life stages, i.e. dispersal and establish-ment (McGuinness 1997) . Although it is widely recognised that the dispersal mechanism of a plant has a large effect on distribution on worldwide and regional scales (e.g. Ridley 1930 , van der Pijl 1969 , in mangroves dispersal is often regarded as having no significant influence on global, regional or local variation in distribution (e.g. Saenger 1982 , Smith 1992 . The aspects of the dispersal and recruitment mechanisms in mangroves have rarely been studied. Of these, it is mainly the biotic aspects such as propagule development and abundance, propagule predation and establishment that have received attention (Rabinowitz 1978a ,b, Saenger 1982 , Smith 1988 , Clarke 1993 , McKee 1995 , Clarke et al. 2001 . Mangroves share the common feature of buoyancy of the reproductive organ, which is an ecological response to life in the tidal environment (Chapman 1976 , Tomlinson 1986 ). The ability of mangrove fruits, seeds and seedlings to float, together with the viviparity of some species are mechanisms widely regarded as being dominant in controlling the dispersal of mangroves (e.g. Chapman 1976 , Saenger 1982 , Murray 1986 , Clarke et al. 2001 .
The temporal and spatial distribution of mangrove propagules, however, is not only determined by biotic factors, but also by abiotic factors such as the hydrodynamics of tides and surface currents. The dispersal 'agent', water flow, has received very little attention to date. Tidal sorting of propagules has been suggested to influence zonation of mangrove species in Panama (Rabinowitz 1978a) ; however, this model has received little support (Saenger 1982 , Smith 1992 . De Lange & de Lange (1994) indicated that the hydrodynamics behind propagule dispersal seem to constitute a more important control than climatic factors for the distribution of the only mangrove in New Zealand, Avicennia marina. Clarke (1993) described the predominantly short and rarely long distance dispersal of A. marina in southeastern Australia arising from tidal movement. Most recently, Clarke et al. (2001) have partially related effects of propagule dispersability and establishment to patterns of mangrove distribution along estuaries. The change in species distribution and relative abundance during early life stages, i.e. dispersal and establishment, is likely to contribute to the development of growth patterns in a mangrove forest (McKee 1995) . The (combined ecological and statistical) chance of a propagule arriving at an ecologically 'suitable' location for growth is therefore likely to play an important role in the establishment of a mature plant, particularly in a disturbed area (McGuinness 1997 , Bunt & Stieglitz 1999 . Hence, water flow, and in particular estuarine circulation patterns, may have a significant effect not only on the dispersal of propagules, but also on the distribution of mature trees.
In this work, the entrapment of buoyant propagules by hydrodynamic means in the Normanby River estuary (NE Australia) is investigated, and its effect on mangrove propagule dispersal and species distribution is discussed.
MATERIALS AND METHODS
Study site and hydrodynamics. The Normanby River discharges into Princess Charlotte Bay at 14°24' S, 144°8' E (Fig. 1) . The river forms the eastern boundary of Lakefield National Park, and its mangrove zone is remote from human impact. Its estuary is approxi- Geographical location of Normanby River estuary, NE Queensland. Drift buoys were released from Points R1 and R2. A: area of trapping of a large number of mangrove propagules upstream from mangrove habitat (photo in Fig. 8b was taken at A) mately 50 km in length, and meanders across an extensive low-lying Chenier plain. The tidal regime in the estuary is semi-diurnal and mesotidal, with a maximum tidal range of ca 2.5 m on spring tides and a minimum tidal range <1 m on neap tides. Typical for the tropical region in Northern Australia, the Normanby River is strongly ephemeral, with freshwater discharge usually restricted to the period from January to March (Fig. 2) . The hydrodynamics of the estuary have been described in detail in Bryce et al. (1998) and Ridd et al. (1998) . Fringing mangroves occur from the mouth to ca 45 km upstream, with the fringe being most extensive in actively migrating meanders. Twenty different species of mangroves occur, with varying along-river distributions. The growth pattern of zonal species along the river and along riverbank perpendicular transects are described in Bunt & Stieglitz (1999) . No uniform zonation pattern was found to exist along this estuary.
In well-mixed estuaries like the Normanby River estuary, an axial convergence can occur in midstream due to an interaction of the cross-river gradient in axial velocity with the axial density gradient (Nunes & Simpson 1985) . Because of frictional effects, the axial velocity is slower near the channel banks than in its centre, and thus on flood tides the advection of the axial salinity gradient causes a greater density in midstream than at the banks. The central water sinks, causing a 2-cell circulation with an axial convergence zone at the midstream water surface (Fig. 3) . Midstream, the convergence is delineated by an unbroken line of accumulated floating matter. On ebb tides the circulation direction is reversed, causing an axial surface divergence with floating material moving to the channel banks. Studies have described density-driven axial convergences for temperate estuaries (Nunes & Simpson 1985 , Robinson Swift et al. 1996 , without investigating their potential influence on displacement of organic matter, pollutants, etc. Ridd et al. (1998) observed a density-driven estuarine circulation with an axial convergence zone to occur in the Normanby River estuary, NE Australia, and proposed (but did not measure) a net upstream displacement of floating organic matter including mangrove propagules by this mechanism. Such proposed drift movement is studied in detail in this paper, with special reference to propagules of selected mangrove species.
Axial salinity transect. Axial surface-salinity transects were sampled at the end of the wet season (April 1998) , in the middle of the dry season (September 1998) , and at the end of the dry season (December 1997). Salinity in a transect was recorded by taking water samples every 2 to 5 km along the estuary. The position of sampling was determined with a GPS unit and with 1:100 000 scale topographic maps, with an estimated (instrumental) error in position of ±100 m. After a transect was completed, the salinity of each sample was measured to an accuracy of ± 0.1 with a TPS WP-84 probe, which had previously been calibrated with a commercial salinity standard.
Drift drogues. Twenty-five drogues each were released from Points R1 and R2 (Fig. 1) ; each drogue consisted of a polystyrene float (diam. 12 cm) weighed down with ca 0.5 kg of chain to reduce wind drift. Drift and float behavior had previously been compared with that of floating organic matter such as mangrove propagules and found to represent the drift behavior of the latter. Wind-generated waves or wind-drift seem to have had a negligible influence on dispersal of both drogues and propagules. The drogues were released at slack low tide close to the banks to simulate their entering of the estuary during the previous falling tide. Their drift paths were observed during the rising tide. Experiments were carried out on a tide with a tidal range of ca 2 m. To investigate the long-term fate of the drogues, drogue positions were observed for 5 d after release.
Sampling of floating organic matter from the convergence. Floating matter accumulated in the convergence was collected using 2 nets with a width of 42 cm each attached to the sides of a boat. By slowly crossing the convergence line, usually 20 times over its full width, a representative sample of the floating matter at . Secondary circulation cell with axial convergence zone caused by interaction of cross-river gradient in axial velocity with an axial density gradient (from Ridd et al. 1998) each location could be collected. An effective length of axial convergence of 20 × 2 × 0.42 m = 16.8 m was sampled. The collected matter was air-dried for 1 mo, and the dry mass was determined. All results were normalized to a length of 50 m. The locations for sampling were determined arbitrarily to eliminate subjective influence on the result. In April 1998, 3 samples were taken; in September 1998, 10 samples; and in December 1997, 5 samples. At each sampling point, the salinity was determined. The location of each sampling point in Figs. 4 & 5 is given in respect to the salinity gradient, and not in respect to geographic location, i.e. tidal advection was taken into account. For some detailed investigations, Rhizophora stylosa, Bruguiera gymnorrhiza, Xylocarpus mekongensis and Heritiera littoralis propagules were extracted from the samples and counted. The 4 species have in common a comparatively large propagule size, which (1) guarantees a representative sample when collecting with nets, and (2) has been found to be positively correlated to buoyancy (Saenger 1982 , Clarke et al. 2001 , i.e. their propagules tend to display longer buoyancy than the smaller-sized propagules of other species (Saenger 1982 , Murray 1986 ).
Other attributes are (see also Table 1 ): Rhizophora stylosa is abundant, with a distribution from 0 to 35 km along the estuary (Bunt & Stieglitz 1999 , see also Fig. 5 ). It fruits throughout the year (Lovelock 1993) , which makes it an interesting species to investigate with respect to longterm dispersal. Longevity of its propagules is up to 2 mo (Murray 1986) , in rare cases 6 mo. The propagules generally float in both salt-and freshwater (Clarke et al. 2001) , and normally sink after a period of a few weeks. This could be related to predation (Smith 1988 ), or to their reaching of maximum longevity, or to other factors (Saenger 1982) . (Note that the hybrid R. x lamarckii occurs in rare stands on the Normanby River [frequency ratio R. x lamarckii /R. stylosa = 0.02/0.26: Bunt & Stieglitz 1999] ; although the propagules we collected are most likely to be R. stylosa, it is possible that some stemmed from R. x lamarckii. Herein, both species are treated as 1 entity.) Bruguiera gymnorrhiza occurs over the full length of the mangrove fringe (Fig. 5) , and fruits from April to July, i.e. the first half of the dry season (Lovelock 1993) . Clarke et al. (2001) describe the propagules as floating in saltwater with a tendency to sink in freshwater. Xylocarpus mekongensis and Heritiera littoralis are non-viviparous, with both types of propagules floating for long periods of time, i.e. up to or even longer than 1 yr (Murray 1986 ). This trait makes them most suitable for the investigation of long-term dispersal. The mature trees of both species tend to occur in the middle and upper parts of the estuary (Fig. 5) . X. mekongensis fruits in the wet season (December to February), and H. littoralis just before the wet season (September to November) (Lovelock 1993) . Both seeds float in both salt-and freshwater (Clarke et al. 2001) and have a viability of 6 to 9 mo. Together, these 4 species cover a whole range of fruiting times, occurrence along the estuary, and propagule traits. Visual observations. An axial convergence zone was visually identifiable by a marked accumulation of leaf litter and other material floating in a well-defined area near midstream together with a negligible amount of litter towards the banks (see Fig. 7 ). Movement and accumulation of floating matter, in particular propagules, was visually observed during a period of ca 1 wk each in December 1997 and April and September 1998. 
RESULTS

Axial salinity transects and visual observations of the convergence zone
Axial salinity transects taken at high water at different times of the year are shown in Figs. 4 & 5. At the end of the wet season, a strong freshwater influence was obvious, with freshwater reaching 20 km upstream from the river mouth. In the middle of the dry season, salinity was constant up to ca 12 km upstream, and dropped monotonically to 0 at ca 55 km upstream. At the end of the dry season, an evaporation-driven salinity maximum occurred ca 10 to 15 km upstream, and the intrusion of salt reached further than 55 km into the estuary. An axial convergence was consistently and exclusively observed on flood tides at locations where the axial salinity gradient was > 0.5 km -1 (Figs. 4 & 5) . The along-river location and extension of the convergence zone varied with the prevailing salinity gradient. At the end of the wet season, the convergence extended from the mouth to 20 km upstream, in the middle of the dry season from 15 to ca 48 km, and at the end of the dry season from 20 km to > 55 km upstream.
Drift drogues
At the onset of rising tide, the drift drogues released close to the banks at Points R1 and R2 were transported into the convergence by the cross-river component of the surface current, and moved upstream in 'clusters' (areas of 50 m diam.) in due course. The trajectories of 1 drogue from each of the 3 clusters are shown in Fig. 6 . About 3.5 km upstream from the release point (i.e. 1.3 h after release), the drogues encountered a significant turbulence at a river bend, which separated the drogues previously floating together. All, however, stayed within the axial convergence zone. About 6 h after release, high water was reached. The direction of the circulation reversed soon after the turn of the tide, and the drogues floating in midstream together with other floating matter were driven towards the bank, where they were stranded as the water level dropped. During the following low tide, the drogues stayed on the muddy bank or in eddies behind obstacles such as mangrove roots, and did not move downstream. The drogues traveled a mean distance of ca 12 km in an upstream direction during 1 tidal cycle. They were picked up by the following rising tide, transported into the convergence by the cross-river component of the surface current, and moved further upstream.
The upriver speed of 16 drogues averaged over 5 d is shown in Table 2 . These data take into account the combined effects of upriver movement in the convergence during each rising tide, and trapping of the drogues on the bank at each falling tide during the observation period. Four drogues were permanently trapped in eddies, and did not move at all or very little. The maximum daily excursion was as much as 14 km, i.e. a full tidal excursion. The mean daily speed averaged over the 16 drogues and 5 d was 3.2 ± 3.9 km d -1 . Of the 50 released drogues, 5 were trapped in a root or snagged by their chain. The trajectories of these drogues have not been included in the data, since they do not represent the behavior of natural floating matter. The majority of released drogues were not found during the surveys, possibly because the survey did not extend further than 45 km into the estuary. It is very likely that the missing drogues drifted far further upstream than initially anticipated, and therefore were not found at the time of the survey. Thus, the calculated average speed of 3.2 km d -1 is likely to be a very conservative estimate of the upriver drift speed, and to include only the 'slower' drogues. Drogues were never found downstream of their release point.
Organic matter trapped in the axial convergence
At the end of the wet season, the dry mass of accumulated floating matter tended to decrease with distance from the mouth, from 5.3 kg per 50 m convergence at 7.4 km to 1.65 kg per 50 m at 18.7 km upstream of the mouth (Fig. 4a) . In the middle of the dry season, the dry mass density was, with 2 to 4 kg per 50 m, relatively constantly distributed over most of the length of the convergence (Fig. 4b) ; however, at the upstream end of the convergence, 19.5 kg per 50 m dry mass was accumulated in the 50 m convergence, a factor of at least 5 higher than at downstream locations. At the end of the dry season, very little floating matter, i.e. <1 kg per 50 m, was found in the convergence (Fig. 4c) . The upstream end of the convergence was not surveyed at the time. The number of propagules in the 50 m convergence varied across species and seasons (Fig. 5) . Generally, the highest accumulation of all species occurred at the upstream end of the convergence, furthest away from the mouth of the estuary, with the exception of Rhizophora stylosa propagules, which were most abundant close to the mouth at the end of the wet season (Fig. 5a ).
Visual observations
The samples of floating matter and propagules taken from the convergence quantitatively represent what could be visually observed along the river. A large amount of floating matter was seen to accumulate in an almost unbroken line along the estuary (Fig. 7) , wherever the axial salinity gradient was large enough to support the formation of a circulation cell, i.e. > 0.5 km -1 . In the middle of the dry season, a large amount of floating matter, including literally thousands of propagules of Heritiera littoralis and a considerable number of other species, was found in hydrodynamic traps such as snags and eddies in an area of ca 5 km length upstream from the upstream end of the convergence, where the river water is fresh. The photo in Fig. 8b , taken at Position A (Fig. 1) , shows an example of an accumulation of trapped mangrove propagules and leaves in the terrestrial habitat. Some of those 'seed and leaf rafts' are > 0.5 m thick and extend over areas in the order of tens of square meters. The overall number of propagules and the size of these areas made it difficult to obtain a representative sample. The shaded arrow in Figs 
DISCUSSION
Short-term drift of propagules and trapping in upper parts of the estuary
On a tidal/daily scale, a considerable net upstream movement was displayed by drogues, propagules and other floating matter. The most notable accumulation of propagules of all investigated species was found in the middle of the dry season at the upstream end of the convergence (Fig. 8a) and in even larger numbers in hydrodynamic traps just upstream (Fig. 8b) . Both areas lie 8 to 48 km upstream of mature stands of different species, i.e. potential sources of propagules (Fig. 5) . Therefore we conclude that propagules are almost exclusively transported upstream at times when a long salinity gradient of ≥ 0.5 km -1 is present, forming density-driven axial convergence zones, and that the propagules are retained in the upper reaches of the estuary by the convergence zone and turbulences, both being efficient hydrodynamic traps.
Long-term dispersal of propagules
In the seasonal Normanby River, density-driven axial convergences are present for most of the year, i.e. throughout the dry season (Figs. 4 & 5) . Hence, propagules released from parent trees during this period are likely to be trapped by the convergence and kept within the estuarine system. Generally, at any time, the largest accumulation of propagules is expected to occur at the upstream end of the axial convergence, where water salinity is close to zero (Figs Avg.
3.2 ± 3.9 Table 2 . Net upstream speed of drogues averaged over 5 d of observation & 8a). This has been observed for all species at the end of the wet season and the middle of the dry season, except for Rhizophora stylosa at the end of the wet season (Fig. 5a) ; this exception is likely to have been the result of a release of a relatively high number of propagules from parent trees at this particular time.
At the end of the dry season, the upstream end of the convergence, i.e. the furthest saline extension, lies further upstream than 60 km from the mouth, in an area that we were unable to survey. It is reasonable to infer that the highest accumulation of propagules occurs at the upstream end of the convergence also at the end of the dry season. During the dry season, the initially steep salinity gradient slowly moves upstream and 'spreads', as freshwater input ceases and baroclinic circulation and evaporation increase salinity (compare April to December transects in Figs. 4 & 5; see also Wolanski 1986 ). The furthest extension of the convergence zone into the estuary moves upstream with time, and with it the trapped propagules (Fig. 5) . In the middle of the dry season, the propagules are trapped upstream of the mangrove habitat (Fig. 8b) . The end of the convergence and propagule traps lie within an area where the mangrove fringe is replaced by terrestrial vegetation (Fig. 1) .
With sufficiently high freshwater input into the estuary during the wet season, the estuary can become fresh to its mouth. Over the past few years, this has been observed by local fishermen to happen for a short period of time in the order of days or weeks, in some years on 2 or 3 occasions, during the wet season (J. Barton pers. comm.). Convergences do not form during this time, and propagules are no longer trapped in upstream parts of the estuary, and can progress downstream. Only during this period of rapid flow downstream (current speeds of 2 m s -1 have been observed by one of the authors [Stieglitz] to occur in the Normanby River in wet-season floods), can propagules potentially leave the estuary. This wet season 'outwelling' of propagules stemming from estuarine mangroves is likely to contribute to Heritiera littoralis and other typically estuarine propagules being washed up on beaches along the North Queensland coast. However, floating propagules encounter large-scale eddies whilst floating downriver in floods at a speed far less than the downstream water speed. The data presented here indicate that propagules do move downstream during the wet season, but do not necessarily leave the estuary in every wet season. In April 1998, after a moderately 'strong' wet season, a considerable number of H. littoralis propagules were found at the upstream end of the newly formed convergence (Fig. 5) . These propagules had been released from the trees before the wet season (see Table 1 From the data presented it is apparent that any floating matter is subject to an upstream drift in the same way, regardless of type and size. Although propagules of different species display distinct differences in shape and size, they share a similar drift path. (It is interesting that the 'sail' of Heritiera littoralis seeds, developed to enhance wind-driven dispersal [Tomlinson 1986 , Lovelock 1993 , seems to play a negligible role in the dispersal within the estuary.) Hence, no tidal sorting of propagules as proposed by Rabinowitz (1978a) seems to occur in an estuary with axial convergences. Propagules are also not delivered to all portions of the intertidal zone, as previously suggested by Smith (1992) , but rather to the furthest extension of the latter.
Implications for establishment of propagules
Successful development of a propagule to a mature tree is negatively correlated to its mortality, which is Fig. 1) 
(a)
largely dependent on 3 factors: (1) its longevity; (2) its being stranded in suitable/unsuitable areas or substrates; (3) injury through or attachment of marine organisms and subsequent sinking (Saenger 1982) . Therefore, it is interesting to compare 'timetables' of hydrodynamic trapping and longevity. With the exception of Rhizophora stylosa, the investigated propagules have a longevity of > 2 mo. The long-lived Bruguiera gymnorrhiza, Xylocarpus mekongensis and Heritiera littoralis propagules accumulate at the upstream end of the convergence in large numbers in comparison with the numbers trapped in the convergence, whereas the difference in numbers of R. stylosa propagules at the upstream end versus in convergence is not as pronounced (Fig. 5b) . This is likely to be due to the loss of R. stylosa propagules through sinking. Long-lived propagules are moved into upstream parts of the estuary, where salinity is close to zero. In the dry season, 
this furthest extension of the convergence lies in zones of terrestrial vegetation (see above and Fig. 5b,c) , an area that is an unsuitable habitat for mangroves, because of the low salinity prevailing throughout the year. Short-lived propagules are likely to die and sink in the process of being transported upstream, unless they colonize the banks of the river, which is a habitat obviously very restricted in space, and which also is ecologically not suitable for many species. In conclusion, hydrodynamic trapping conflicts with the temporal and spatial requirements of propagules to 'find' a habitat suitable for development.
Implications for forest structure along the estuary
A differential dispersal of propagules could not be observed. Therefore it is unlikely that the net upstream drift of propagules by hydrodynamic means effects the zonation of species, which is widely regarded as a response to prevailing gradients of ecological variables (e.g. Smith 1992 ). However, revegetation of mangroves in disturbed areas may be influenced by the described trapping of propagules in estuarine waters. Species growing downstream from a forest gap can potentially recolonize the area, because their propagules are moved upstream towards the gap and have a fair chance of stranding on the banks at the location of the gap at ebb tides. It is noteworthy that the distribution of the large Rhizophora stylosa forest on the Normanby River extends ca 25 km into the estuary, whereas more or less isolated stands account for the occurrence of this species for up to 35 km. Some of those stands might have been established in forest gaps due to the availability of a large number of propagules throughout the year. On the other hand, gaps high on the banks and far from the water's edge are likely to be recolonized by surrounding species rather than by trees from other areas. Propagules are unlikely to enter a forest high on the bank, because they are located in midstream at high-water level and on the bank at lowwater level ). However, care has to be taken with such interpretation. In any location, i.e. in an existing forest or in a 'new' location like a forest gap, a specific combination of ecological conditions is necessary for successful development of a species (Smith 1992 , Clarke 1995 , McKee 1995 . We agree with McGuinness (1997) , who suggested that this regeneration niche concept understates the importance of availability of propagules prior to establishment: 'Where no seed gets to, a tree won't grow, no matter what the conditions are'. This simple rule is widely applied in the concept of 'supply-side ecology' (Underwood & Fairweather 1989) . It also has to be considered in the light of modern forest ecology, whereby trees are grouped into pioneer or climax groups, depending on their reproductive strategies (e.g. Whitmore 1989 ). Generally, mangroves, and in particular Rhizophora spp., are regarded as pioneers (Saenger 1982 , Tomlinson 1986 , although different views exist on the relative ability of a species to act as pioneer (Smith 1992 , Clarke 1995 . Revegetation and species diversity in forest gaps might therefore be constrained by propagule availability which, in turn, is restricted by trapping in an axial convergence.
The described density-driven axial convergence is unlikely to be a local phenomenon occurring only in the Normanby River estuary. Trapping of propagules in upstream parts of estuaries is predicted to occur in many other (large) estuaries with sufficiently high axial salinity gradients.
Conclusion
In the Normanby River estuary, a density-driven axial convergence, occurring throughout the tropical dry season, transports mangrove propagules and other floating matter upstream. A net upstream drift of representative drogues of 3.2 km d -1 has been measured, and mangrove propagules have been found to be trapped in large numbers by the axial convergence and turbulences in freshwater upstream from mangrove vegetation, an unsuitable area for successful establishment of mangroves. All buoyant matter drifts upstream in the same manner. No differential trapping of buoyant propagules occurs, therefore the trapping mechanism is not likely to have an effect on mangrove zonation. However, revegetation and species richness in forest gaps along an estuary might be constrained by selective propagule availability which, in turn, is influenced by trapping in an axial convergence. In general, hydrodynamic trapping conflicts with the temporal and spatial requirements of propagules to 'find' a habitat suitable for development.
